The potential of non-destructive imaging techniques, such as optical coherence tomography (OCT), X-ray micro-3D computed tomography (μ-CT) and terahertz (THz) imaging has been considered for structural and age diagnostic tasks in the field of paleontology. In particular OCT, a high-resolution, non-destructive and contactless technology for two and three dimensional (2D, 3D) imaging, was evaluated for the investigation of dental cementum microstructures, exemplified by cave bear teeth. OCT with a depth resolution in the micron range showed its ability to count the annual appositional lines consisting of cementum and thus to determine the age of the individual. As additional method also THz technology is presented which exhibits much larger penetration depths up to centimeters, but with a lower resolution, in contrast to OCT. Thus, THz imaging gives insight into the internal structure of the cave bear teeth on a larger scale. Furthermore, to complete the variety of considered non-destructive imaging techniques, μ-CT has been applied for analysis of the teeth structures, in comparison to OCT and THz imaging results. The combination of these complementary methods is well suited for the non-destructive characterization of teeth.
INTRODUCTION
Being the most durable derivative of bones, teeth are important character complexes, which are used for a wide variety of analyses on taxonomy and evolutionary processes of fossil and extant animals as well (Thenius, 1989) . In case of cave bear teeth (Rabeder, 1999) , an important fact is that cementum is deposited on the roots, which enables us to distinguish annual increments like in trees (Debeljak, 1996 (Debeljak, , 2000 . The spacings between such annuli vary from the sub-millimeter range to less than 10 μm. Also other methods exist to determine the age-at-death of bears, based on derivatives such as the skull or the baculum (Withalm and Meng, 2009) . But the reliability of all these methods depends on the continuous reconstruction of the corresponding bones, and the latter method is additionally limited to male fossils. Thus, so far for the determination of age-at-death of bears it is mostly necessary to cut off the roots of teeth in order to etch and stain the resulting surface. This leads us to the main advantage of the methods applied in this study, which are contactless and non-destructive: the integrity of the fossil samples is not destroyed.
Nowadays, various methods of non-destructive testing (NDT) with their origin in medicine and material science are applied to investigate paleontological objects, such as confocal, transmission electron and scanning electron microscopy, as well as computed tomography (Schwarz et al., 2005) . Depending on their physical principles these methods are limited in terms of resolution or penetration depth as well as size or moisture content of the sample. The comparative application of a variety of techniques including novel approaches is necessary to determine which method or combination of methods is most appropriate for a certain research question. In this work, cave bear teeth were studied by three different non-destructive methods and compared to etched and stained cuts. All three non-destructive methods can provide 2D or 3D images of the internal structure of the sample such as voids, inclusions or layered structures.
First, we used the well-established method of X-ray micro-3D computed tomography (μ-CT). This method visualizes differences in the material composition and density. CT is a common NDT technology in paleontology (Conroy and Vannier, 1984; Britt, 1993; Rowe et al., 2001; Tykoski et al., 2002; Withalm and Meng, 2009) , which has become more affordable and reliable within the last 10 years. In addition, μ-CT systems equipped with a matrix detector or x-ray camera and a micro-focus tube already work at such high scanning rates that in-vivo 3D scanning with a spatial resolution down to 9 µm is possible. Limited by the sample size and the pixel number of the detector, the resolution is typically several micrometers in each direction. It can reach less than 1 micron for small samples and/or a high number of detector pixels. Generally, high resolution imaging demands both, increased scanning time, as well as increased reconstruction time after scanning.
Second, as a novel approach for studying cave bear teeth we applied optical coherence tomography (OCT) (Huang et al., 1991) . Initially introduced as a tool for in-vivo diagnostics in biomedicine (Puliafito et al., 1995; Welzel et al., 1997) , OCT has meanwhile shown great potential in a large number of different applications ranging from industrial material testing to research in botany (Stifter, 2007) , including measurements of teeth (Feldchtein et al., 1998; Colston et al., 2000; Baumgartner et al., 2000; Otis et al., 2000) . The optical contrast in OCT is due to heterogeneities in the refractive index of the sample material, thus providing complementary information to the imaging of the sample density by CT. OCT has a typical depth resolution in the range of several micrometers, but a typical penetration depth of less than 3 mm. With its ability to show local changes in the refractive index, OCT was expected to allow for the first time the non-destructive detection of cementum annuli.
As a second novel approach, terahertz (THz) technology was applied. THz radiation combines several attractive properties with regard to imaging applications: it exhibits large penetration depths in the centimeter range for many dielectric materials (Jansen et al., 2010) , such as polymers, cardboard or ceramics. Due to its longer wavelength (1 THz corresponds to a wavelength of 300 µm), it exhibits a good spatial resolution down to sub-millimeters compared to the neighboring frequency band of microwaves. Finally, THz radiation is non-ionizing and thus not hazardous, in contrast to X-rays. The investigation of prehistoric objects seems to be a promising field, as they exhibit low moisture content. High moisture content limits the penetration depth drastically, as THz radiation is strongly absorbed by water. On the other hand this characteristic absorption can be exploited for sensitively measuring the water content of substances (Castro-Camus et al., 2013) . Currently, THz technology is taking the step from being a research-intensive, pure laboratory method to becoming a versatile tool for real-life applications. In the field of archeology, the applicability of THz imaging has already been demonstrated for the investigation of ancient mummies (Ohrström et al., 2010) .
MATERIAL AND METHODS
The teeth used in this study belong to a member of the cave bear group, Ursus ingressus Rabeder et al. (2004) , which inhabited the region between the Black Sea and the Eastern Alps, migrating from East to West until they got extinct approximately 24 ka ago (Rabeder et al., 2004) . Teeth of different surface conditions were chosen to test the ability of OCT, all originating from the Gamssulzen cave in Lower Austria (Austria). The material is detailed in Table 1 .
Mostly, the cementum annuli of bear teeth are more distinct at the root tip and at a distal thickening near the gum line (Matson, 1981) . Thus, sagittal cross-sections give the best information, but also axial cross-sections in the first third down the root. The corresponding cutting and measurement planes with respect to the tooth are pictured in Figure 1 . Cross-sectional cutting is less destroying and thus more common in case of the cut, edge and stain method. This method was applied to each specimen after non-destructive testing. All applied non-contact methods, as there were OCT, µ-CT and THz, require no preparation of the sample, and the only resolution limiting factor in case of µ-CT is the size of the sample.
X-ray Computed Tomography
X-rays are generated inside a vacuum tube by applying high voltage to electrons, which are released by a heated filament (cathode) and accelerated onto a metal target (anode). The collision of electrons with the target material creates X-rays consisting of bremsstrahlung and characteristic radiation. This polychromatic radiation is used to penetrate the specimen. Parts of the X-rays will be absorbed in accordance with Lambert-Beer's law, whereas the transmitted intensity will be captured by a flat panel detector. A set of 2D projection images is acquired during a full rotation of a specimen, which is finally used to reconstruct 3D images of the specimen consisting of voxels (volumetric pixels). The smaller the sample, the higher is the maximum resolution that can be achieved. X-ray imaging is sensitive to differences in the atomic number Z in the material composition and to the material density (Van Geet et al., 2000) .
The measurements were performed applying X-ray micro computed tomography (µ-CT) with a voxel size of 15 µm ³ . The object was reconstructed from a series of 1700 2D cross section images by filtered backprojection. The rotation of the object can cause typical ring-artifacts in the calculated images. Therefore, the rotation axis of the teeth during measurement was chosen far from the center of the expected annual rings to allow a clear distinction between annual rings and ring artifacts.
Optical Coherence Tomography
OCT is based on low coherence interferometry and employs broadband light in the near infrared (700-1600 nm) (Bouma and Tearney, 2001) . Rabeder et al. (2004) from Gamssulzen cave in Lower Austria (Austria). All specimens are lower first molars (M1) of the right side (dext.) or of the left side (sin.).
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OCT images are obtained in reflection geometry: The probing light beam is focused into the object and the back-scattered light from different sample structures can be measured in a coherent way. Because of this reflection geometry, OCT mostly detects the interfaces between different materials and delivers therefore contour images, while in μ-CT images different materials are encoded in corresponding grayscale intensities. The lateral and depth (also-called axial) resolutions are decoupled and typically lie in the range of several micrometers. While the lateral resolution is determined by the numerical aperture of the optics, the depth resolution depends on the light source (Brezinski, 2006) . For OCT systems the axial resolution is typically more than a factor two better than the lateral resolution. Best depth resolution is achieved for high bandwidth sources centered at shorter wavelengths. On the other hand, systems centered at longer wavelengths often provide a significantly higher penetration depth for highly scattering samples (Stifter, 2007) . Generally, the penetration depth of OCT is limited by the absorption and light scattering properties of the sample and is typically less than 3 mm. For 2D and 3D data, the sample is either raster scanned with mirrors and/or moved on a stage. Using mirrors results in high accuracy for high scanning rates, while using a stage allows scanning of large objects of any dimension but on a slower timescale.
For the tooth measurements two different OCT systems were applied. All systems are socalled spectral domain (SD) OCT systems (Fercher et al., 2003; Choma et al., 2003) . The broadband spectrum is detected as a whole, which provides an instant axial scan. For our scope, the axial resolution and the penetration depth are the most crucial parameters. To achieve a high axial resolution, the first OCT setup we used was a lab-based system, with a center wavelength around 850 nm and a spectral width of 260 nm providing an axial resolution better than 2.6 µm in air but less than 1 mm penetration depth. The lateral resolution is less than 6 µm. The second one, a commercially available Telesto SD-OCT system from Thorlabs (Lübeck, Germany), with a center wavelength around 1300 nm and a spectral width of 150 nm, provides a higher penetration depth but only an axial resolution less than 7 µm in air. The lateral resolution is less than15 µm. For a more detailed description of the systems along with comparative measurements on apples, please refer to (Verboven et al., 2013) . In addition, one comparative measurement with our lab-based 1500 nm polarization sensitive (PS-) OCT system (LeissHolzinger et al., 2012) has been performed. Based on the principle of standard photoelasticity (Ramesh, 2000) , the so-called polarization sensitive (PS-) OCT (de Boer et al., 1997) technique can yield depth resolved polarization patterns in birefringent samples, such as teeth. With a resolution of 20 µm in air, this method has not been applied to detect annual lines, but to show that such polarization patterns cannot be mistaken for annual lines.
OCT images the optical pathway. Therefore the depth of the image is stretched by the factor of the refractive index of the material. While the refractive index in air is 1, the refractive indices of enamel, dentin and cementum of human teeth at 1310 nm are about 1.63, 1.54 and 1.58 , respectively . Assuming a refractive index n ~ 1.6 inside the bear tooth, the axial resolutions of the systems that are in air 2.6 µm and 7 µm, correspond to axial resolutions in material of less than 1.7 µm and 4.4 µm.
THz Technology
THz radiation is located in between the infrared (IR) and the microwave band of the electromagnetic spectrum. For the measurements performed in this work, so-called THz time-domain spectroscopy (THz-TDS) was used (Zhang and Xu, 2010) ; (Jepsen et al., 2011) . For this technique, a short-pulse femtosecond laser was used to excite pulsed THz radiation from a THz emitter. The THz beam was focused onto the sample, and the transmitted THz radiation was collected by a detector. For imaging, the sample was raster-scanned, and the characteristic time-domain pulse signal was recorded pixel by pixel. By Fourier transform of the time-domain data, a frequency-dependent signal (i.e., spectrum) can be obtained in each pixel. This technique allows determining a quasi "THz-radioscopy" image from the attenuation of the THz pulse. However, in contrast to a single "x-ray-radioscopy" image, THz-TDS simultaneously delivers a stack of characteristic "THz-radioscopy" images, and socalled hyperspectral images. Each 2D image of this stack corresponds to a certain frequency interval, usually termed channel. Thus, characteristic absorption features due to the chemical composition of the material can be investigated. The time delay of the transmitted THz pulse can be displayed as additional information, and from the corresponding phase information structural information (e.g., variations in density, inclusions and cavities) can be deduced.
One limiting factor of THz imaging is still its speed. As an example, as recording of one pixel took about 10 s, imaging of the cave beat tooth (consisting of 80x80 pixels with an image size of 4x4 cm) took about 17 hours. However, several concepts for increasing the speed of THz measurements are currently evaluated (Zimdars et al., 2010; Jepsen et al., 2011) .
RESULTS AND DISCUSSION
The specimen GS 26-1 is a lower first molar of the right side (M1 dext.) of a senile Ursus ingressus from Gamssulzen cave in Upper Austria. It shows normal morphological development. Its occlusal surface is heavily worn. The specimen was 3D scanned with the µ-CT system for volume imaging and with the lab-based OCT system at a center wavelength of  c =850 nm, the system with the highest axial resolution which is better than 2 µm.
While the volume rendering of µ-CTshows the topography of the whole tooth, OCT provides more detailed information but only about 1 mm into its subsurface as shown in Figure 2 .1. Figures 2 and 3 show a comparison between µ-CT and OCT data. Three axial cross-sections i)-iii) of the distal root were further analyzed. Figure 2. 2 -2.4 shows the corresponding µ-CT data. The regions marked in red are the areas scanned by OCT and are presented in Figure 3 .
The images in 3.1 correspond to axial crosssection i) close to the collum dentis, resulting in an outer layer of enamel, which is clearly separated from the underlying dentin. The latter shows no further differentiation. This is true for µ-CT as well as for OCT. Since an OCT interferogram is encoded by the difference in optical path length, the OCT image will be distorted by the refractive index of the specimen. As shown in the magnified detail of the OCT image, the optical path length p1 through dentin is longer than the true geometric distance that corresponds to the optical path length p2 through air. The factor p1/p2 correlates to the refractive index 1.49 of dentin, as air has a refractive index of 1. Thus, the smooth dentin surface shows a "step" in the OCT image, which is an artifact. Generally, the OCT images map the optical pathway, which may result in slight distortions compared to the true geometric dimensions.
The images in Figure 3 .2 and 3.3 were taken at the two positions ii) and iii) halfway down the root. In the OCT images the outer perimeter of the root shows a periodic differentiation within cementum. These annuli correspond to a sudden change of the refractive index between cementum formed during winter and cementum formed during the growth seasons of spring and summer. On the outer, peripheral surface, some additional deposition is visible, especially in 3.3. In contrast, in the µ-CT images no inner structure is observed.
In addition, axial cross-sectional OCT images were acquired with the commercial OCT system at  c = 1300 nm. The region scanned with the OCT system is marked in red in the µ-CT volume rendering image in Figure 4 .1. In the OCT sectional view in Figure 4 .2, the en-face plane shows post mortem cracks in the cementum and a clear interface between dentin and cementum.
The animated µ-CT scan linked in Figure 4 .4 captures the whole tooth in constant quality, clearly detecting the enamel and the pulp. In addition, the dentin-cementum interface is visible, at least in the lower part of the tooth as shown in Figure 4 .3 and 4.4. In the first axial cross-sectional image of Figure 4 .3, the typical ring-artifacts of the µ-CT measurement are highlighted. Anyway, µ-CT cannot resolve the cementum annuli. In comparison, the animated OCT scan of the en-face images linked in Figure 4 .2 starts outside the facial surface of the tooth. Inside the tooth, annuli are visible as vertical lines with their position constantly moved from the center to the left and to the right border. The axial cross sectional scan that follows shows typical variations in the detectability of adjacent annuli, influenced by noise and by little defects in the microstructure. In the course of the scan, the total thickness of the cementum layer decreases and the annuli get closer to each other. Towards the end of the scan the limit of axial resolution is reached and it is no more possible to distinguish single annuli. However, in this region of the tooth near the collum dentis, the cementum/dentin interface is within the penetration depth of the OCT scan and thus visible.
In Figure 5 , the 1300 nm OCT images of all specimens, GS 26-1, GS 108-1 and GS 108-2 are compared to the cuts of the roots. The microscope images of the root cuts show that a dark narrow growth ring forms each winter. Dark blue stain highlights the narrow winter growth for tooth aging analysis (Matson, 1981) . The specimen GS 26-1 in Figure 5 .1 has been introduced above. As shown in the photo, the distal root has been scanned along a 4 mm line on its lingual side. The corresponding OCT image reveals the dentin/cementum interface and many cementum annuli, which corresponds to the microscope image. The microscope image shows another section, not of the lingual but of the mesial area of the distal root. In this region the overall thickness of the cementum layers is much higher which helps to distinguish single annuli. This area was not accessible for OCT because the space in between the mesial and distal root was too small for the sensor head. The specimen GS 108-1 (Figure 5 .2) is a lower first molar of the left side of an adult and shows normal morphological development. The OCT image and the microscope image both show a single fully developed cementum layer with small point-like material inhomogeneities, acting as centers for light scatterering. Beyond this layer, the typical The quality of the OCT images is always a trade-off between axial resolution and penetration depth. Figure 6 shows the comparison between the commercial system at 1300 nm (6.1) and the Lab system at 800 nm (6.2), exemplified by axial cross sections of the specimen GS 108-2 at comparable positions. While the 1300 nm system offers a high penetration depth and a good contrast of the annual rings, the 800 nm system is able to resolve structures such as depositions at a finer scale, which is indicated by arrows in Figure 6 .2. In addition, a comparative measurement of specimen GS 108-2 with the 1300 nm system and the polarization sensitive 1500 nm OCT system has been performed. The polarization patterns marked by arrows in Figure 6 .5 are lines of much coarser scale than the annual lines in Figure 6 .3. Even in case of polarization artifacts, these are most unlikely to be mistaken for annual rings. In addition, the OCT systems at 800 nm and at 1300 nm have been tested negative regarding polarization artifacts by imaging a highly birefringent standard sample.
An automated age-at-death evaluation by tooth-cementum annulations, applied to microscope images, has already been introduced in 2006 (Czermak et al., 2006) . The results of the automation in comparison to manual inspection have been promising, but the representation of annual rings in OCT images is different. On the microscope images of the stained cuts, the annual rings are mostly represented by continuous lines. In contrast, the OCT images show single points that correspond to local scatterers, aligned along an annual ring. These dotted, discontinuous lines are easy to recognize by the human eye, but, according to our experience, highly challenging for automated data processing. FIGURE 5. Axial cross-sectional OCT image ( c =1300 nm) in the lower third of the tooth radix of specimen. 5.1. GS 26-1 (distal). 5.2. GS 108-1 (mesial). 5.3. GS 108-2 (mesial). The camera images on the left show the OCT scanning region. The OCT images have a lateral dimension of 4 mm. The depth scale bar is stretched according to a refractive index of 1.6, leading to an image depth of about 1mm. The microscope images are 1x1 mm² in true aspect ratio. The depth scale of OCT images and microscope image is identical.
In the following, the potential of the THz measurement is presented. Usually, the so-called hyperspectral data set of the THz pulse is evaluated regarding its spectral information. In the presented measurement this stack corresponds to more than 200 frames recorded at the respective spectral channels. Additionally, overall features, such as the overall absorption/ transmission and the time delay of the whole THz pulse can be evaluated, corresponding to a single image each. As representative of these overall features, in Figure  7 .1 the absorption/ transmission THz image is shown for specimen GS 108-2. The color map represents the transmitted pulse amplitude. Most absorption is observed in the upper part, i.e., the crown of the tooth. The root canals are visible due to their lower absorption. The structure on bottom of the right root is the holder where the sample was fixed. As a second representative of these overall features, in Figure 7 .2 the time delay of the THz pulses transmitted through the tooth is shown, which is larger in the crown and the sidewalls of the roots due to the higher material thickness compared to the root canals. Thus, in this representation the inner structure of the tooth becomes even more clearly visible.
For comparison, in Figure 7 .3 a µ-CT slice of the same specimen is displayed, which shows a good agreement with the THz measurement. Both imaging methods can visualize the whole tooth and its inner structure. While a better resolution is FIGURE 6. 6.1-2: Comparison between the commercial system at 1300 nm (6.1) and the Lab system at 800 nm (6.2), exemplified by cross-sectional images of the specimen GS 26-1. The arrow in 6.2 indicates a fine structure that cannot be resolved by the 1300 nm system. 6.3-4: Comparison between the commercial system (6.3) and the PS-OCT system at 1500 nm, exemplified by by cross-sectional images of the specimen GS 108-2. 6.4. shows the reflectivity image, and 6.5. the retardation image. The arrow in 6.3 indicates an annual ring, while the arrows in 6.5 indicate birefringence of the tooth.
achieved by µ-CT imaging, THz imaging is free of the hazard of ionizing radiation.
Image Processing and Clustering
For such an amount of measured data, the hyperspectral ones and the overall feature data, an appropriate data analysis is required. Information of interest such as absorption peaks is often difficult to identify because it is clouded by other measurement effects occurring due to the thickness of the material for example. Therefore, automatic methods are necessary to reduce these hundreds of frames to a feasible number of representatives that still contain the essential information sought by the measurement.
Wavelets were used as filtering functions to detect significant peaks within the measurement data and accordingly to decrease the amount of data. Due to their good localization properties and their efficient calculation, wavelets are suited for hyperspectral data decomposition to obtain the reduced features set.
The reduced feature set of the presented measurement contains about 16 coefficients (Figure 8. 3) instead of more than 200 (Figure 8.1) . In addition to the hyperspectral data, overall features ( Figure. 8.2 ), namely the main amplitude, phase slope, phase intercept, echo pulse delay and wavelet scaling factor have been included (Stephani et al., 2010) .
To obtain an improved interpretation and classification of hyperspectral data, the previously extracted feature set was automatically classified by means of two clustering approaches:
• A two-step partitional clustering. Based on a k-nearest neighbor graph, which is built on the reduced channel information (Kennel, 2004) , the graph is split into segments by a minimum edge cut bi-sectioning method using public software hMETIS, (Karypis and Kumar, 2008) . Additionally, foreground background segmentation is performed to downweight information outside of the tooth.
• A pre-clustering-based agglomerative hierarchical clustering. Comparatively an approach including the CHAMELEON algorithm (Karypis et al., 1999) , but extended here by a classical agglomerative hierarchical clustering based on pre-cluster representatives with variable distance functions is realized. Figure 8 .4 shows the different domains obtained by two-step partitional clustering approach (with k=20 neighbors). Layer-like structures are discernable within the material, giving a more detailed image of the inner structure of the tooth. The corresponding Quicktime format video file in Figure 8 shows the results of the Preclustering-based agglomerative hierarchical clustering (with 40 clusters and 100 preclusters).
The results of both clustering methods reveal combined information of all data and enable a proper visualization of the extracted content of THz data under a reduced amount of manual efforts. It should be mentioned that the second approach is more prone to noise, but the first one might suppress information of interest.
For comparison: a Quicktime format video file of the result applying a Preclustering-based agglomerative hierarchical clustering method (40 clusters and 100 preclusters). 
CONCLUSIONS
We have demonstrated the ability of µ-CT, OCT and THz imaging as suitable tools for probing and visualizing of the internal structure of cave bear teeth. All these techniques show benefits as they are non-destructive methods and require no special preparation of the specimen. A comparative overview over the applied methods is given in Table 2 .
By µ-CT, the structure of the whole tooth can be analyzed in true aspect ratio especially regarding the pulp, cracks and over a large part of the root, also the total thickness of the cementum layer. Towards the gum line, there seems to be less local difference in density between the cementum layer and dentin, because both, OCT and µ-CT, do not image a clear interface. However, µ-CT is not able to detect cementum annuli, as the resolution is limited by the sample size. However, µ-CT can be an appropriate tool to localize a region of the cementum layer, where the layer thickness doesn't exceed the penetration depth of OCT, but is as thick as possible to clearly distinguish annuli.
OCT as a complementary method has a higher axial resolution and is therefore able to detect the microstructure of the tooth on a finer scale. Obviously, the annual rings of the teeth yield a local change in the refractive index. Thus, beside the detection of small defects and cracks, OCT clearly shows the existence of annual rings and can give a rough estimation within the penetration depth, which is limited by the material composition of the tooth. OCT can be used to count the annual appositional lines and thus to determine the age of the individual without any damage to the fossil. For the age-at-death determination of senile bears the selection of an optimal scanning region is crucial. This implies that at the selected region the cementum is as thick as possible without exceeding the penetration depth, in order to show all layers clearly separated. OCT acquires the optical path. Therefore the images are slightly distorted, but true distances can be estimated if the refractive index is known. The system at a center wavelength of 1300 nm showed the best compromise regarding resolution versus penetration depth. Generally, a high center wavelength to improve the penetration depth, combined with a higher bandwidth for higher axial resolution would improve the quality of the axial cross-sectional images of the root. Such improvements seem to be within reach by the latest technological developments. An improved quality is crucial for automated age-at-death evaluation by tooth-cementum annulations, based on OCT images. In addition, systems could be equipped with an endoscopic sensor head to give access to narrow scanning regions such as in between the distal and the mesial root. In general OCT provides already more details of the inner structure than conventional µ-CT.
Furthermore, THz imaging was tested as a new method. It was shown that information regarding the inner structure could be obtained for the whole tooth, providing insights on the different parts of the sample, such as the root canals.
THz image interpretation can be further eased by applying suitable hyper-spectral image analysis, such as clustering methods, to extract characteristic features. So, for the given application, automatic image processing can support the non-destructive detection of diversities and commonalities between teeth in terms of age, nutrition, etc., by the chemical fingerprint information encoded in THz data. With a fast THz set-up, such spectroscopic data could be included in comparative studies, where a large amount of statistical data is required (Rabeder et al., 2008) . Compared to µ-CT, THz image resolution is reduced, but only non ionizing radiation is required. With regard to OCT, THz imaging can be seen as complementary, as it delivers information with lower resolution, but on a coarser scale with much higher penetration depth.
